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Abstract

Over the past decade, scientific discovery games (SDGs) have emerged as
a viable approach for biomedical research, engaging hundreds of thousands
of volunteer players and resulting in numerous scientific publications. Af-
ter describing the origins of this novel research approach, we review the
scientific output of SDGs across molecular modeling, sequence alignment,
neuroscience, pathology, cellular biology, genomics, and human cognition.
We find compelling results and technical innovations arising in problem-
oriented games such as Foldit and Eterna and in data-oriented games such
as EyeWire and Project Discovery.We discuss emergent properties of player
communities shared across different projects, including the diversity of com-
munities and the extraordinary contributions of some volunteers, such as
paper writing. Finally, we highlight connections to artificial intelligence, bi-
ological cloud laboratories, new game genres, science education, and open
science that may drive the next generation of SDGs.
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Game: generally, a
challenging human
activity that has rules,
goals, and uncertain
outcomes

Scientific discovery
game (SDG):
an interactive platform
(curated by scientific
domain experts) where
lay people contribute
to research through
game-like activities,
thereby leveraging
human creativity at a
massive scale

Crowdsourcing:
outsourcing a task
from within an
institution to an
undefined, large group
of external people,
often in the form of an
open call

Citizen science:
scientific activities
carried out by
volunteers who are not
formally employed in
or trained by
professional research
institutions

Screensaver:
a program that updates
display pixels with
animations when
computers are idle to
prevent burnout of
cathode-ray tubes and
other types of display
screens

1. INTRODUCTION

Games are an ancient medium for human creativity and exploration that have only recently been
harnessed for biomedical research. Scientific discovery games (SDGs) bring together researchers
looking for novel ways to approach unsolved problems with a global population of volunteers
interested in contributing to scientific research but without the traditional means of doing so.
The field is quite new, with reviews so far primarily focusing on the promise of SDGs (1–4) rather
than critically evaluating their performance relative to prior Internet-scale volunteer initiatives,
paid crowdsourcing initiatives, or computational approaches.

This review emerged from discussions that began in 2010 between two of the authors—R.Das,
who has developed early SDGs (5), and I.H. Riedel-Kruse, who is designing platforms for play-
ful interactions with living microbiology (6). In 2010, the most basic questions on the scientific
effectiveness, player communities, and costs of development of SDGs were unknown. In recent
years, the launch and release of publications from Foldit, Eterna, EyeWire, Phylo, and numerous
other SDGs (Figure 1) have provided answers to many of these questions. The successes of these
and other projects on nontrivial research problems demonstrate that SDGs can deliver genuine
scientific value. Here, we discuss the relationship between games and previous modes of scientific
discovery, classify and critically evaluate the scientific potential of current SDGs, identify simi-
larities across different game player communities, and outline best practices for creating SDGs.
After this overview, we then identify new areas of research that might be addressed in the next
generation of SDGs.

2. ROOTS OF SCIENTIFIC DISCOVERY GAMES

SDGs emerged from several prior approaches to engage large communities. In this section, we
briefly review how citizen science, crowdsourcing, and video games set critical precedents for
SDGs (Figure 1).

2.1. Citizen Science

Projects that reach out to nonexpert volunteers to carry out biological research extend back to
at least the nineteenth century. Milestones of citizen science include the North American Bird
Phenology Program (1890–1970) (7), the Audubon Christmas Bird Count (1900–present) (30),
and the Continuous Plankton Recorder (1931–present) (31), which have all leveraged volunteer
efforts to track natural phenomena over large geographical areas and long time frames—across
continents and decades. The development of new technologies, particularly the Internet, allowed
these projects to achieve even larger scales (32–34). A new kind of citizen science, involving the
Internet-scale classification of images, was pioneered in the 2000s in the astronomy community
(12, 15, 35). NASA’s ClickWorkers (2000) was an effort to classify large image data sets of moon
craters and attracted over 100,000 online volunteers (35). The Zooniverse citizen science web
portal has engaged nearly a million volunteers in citizen science, beginning with morphology
classification of galaxies from the Sloan Digital Sky Survey [Galaxy Zoo, 2007–present; (12)] and
extending to numerous other areas. For example, the Zooniverse citizen science projectWhale FM
enabled the categorization of sounds made by killer whales and followed the travels of individual
animals around the oceans (15).

Within biomedical research, large-scale volunteer projects largely trailed behind the citi-
zen science efforts in the ecology and astronomy communities, except in one field, volunteer-
distributed computing networks. In 1999–2000, two screensaver projects, Folding@home (8) and

254 Das et al.

A
nn

u.
 R

ev
. B

io
m

ed
. D

at
a 

Sc
i. 

20
19

.2
:2

53
-2

79
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

26
04

:2
00

0:
d0

8b
:5

50
0:

39
60

:d
13

f:
1a

27
:c

cc
7 

on
 0

8/
03

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



BD02CH11_Das ARjats.cls June 26, 2019 11:36

Evidence of an Unusual Poly(A) 
RNA Signature Detected by 
High-throughput Chemical 
Mapping

usual Poly(
tected by 

ChemChemicalical 

Foldit (Cooper 
et al. 2010)

2010 20181800s 1999 2012 2014 201620082007200620052004 20172015201320112009

Community-driven peer 
review in an SDG (Eterna) 
(Wellington-Oguri et al. 
2018)

Integration of mini-SDG 
Project Discovery inside 
game EVE Online 
(Sullivan et al. 2018)

Annual player conference Eternacon initiated 

NIH funding for 
biomedical 
crowdsourcing and
interactive media 

Neuroscience SDG
EyeWire (Kim et al. 
2014)

OpenPhylo enables puzzle 
definition by players inside
an SDG (Kwak et al. 2013)Eterna, an SDG with 

experimental 
feedback, launched  
(Lee et al. 2014)

Malaria image 
analysis games 
(Luengo-Oroz et al. 
2012, Mavandadi 
et al. 2012a)

Authentic inquiry-
based science 
learning at scale 
via online courses 
and cloud labs 
(Hossain et al. 
2017a)

AlphaGo AI beats best 
human player in Go 
(Silver et al. 2016, 2017)

Reinforcement 
learning masters 
classic Atari 
video games 
(Mnih et al. 2015)

Scalable, real-time 
interactive biology 
cloud labs  (Hossain 
et al. 2015, 2016)

Commercial 
biology cloud
labs (Hayden 
2014)

Biotic video 
games (play 
with living cells) 
(Riedel-Kruse et 
al. 2011)

Usage of SDG 
for education 
(K-12 and 
college) 

SETI@home and 
Folding@home pioneer 
volunteer network 
computing (Beberg et 
al. 2009, Korpela 2012)

Online citizen 
science biology
projects (e.g., 
Whale FM) 
(Simpson et al. 
2014)

Galaxy Zoo 
initiates citizen 
science 
platform 

DIYbio organization 
(biohacking) 
(Schmidt 2008)

Volunteer network 
computing (Rosetta@home) 

Amateur naturalists (beetle
collecting, bird watching) 
set precedents for citizen 
science (Mayer 2010) 

Massive 
multiplayer 
online games 
(World of 
Warcraft) (Cole 
& Griffiths 
2007)

• Experimental high-throughput technologies and lab automation
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Figure 1

A history of SDGs in biomedical research. (Top) Selected key events concerning the emergence and maturation of SDGs in biomedical
research. (Bottom) Selected key events that have influenced the development of SDGs or may impact SDGs in the future. Key
developments not explicitly listed include Wikipedia, the Internet, online games, virtual and augmented reality, mobile computing, and
social media. Screenshots and logos are taken from the SDGs themselves; other graphics are used with permission from the NASA
Image Library (Galaxy Zoo), Reference 16 (Foldit crystal), Reference 18 (malaria image), the Seung Lab Flickr photostream (EyeWire),
and Wikipedia (AlphaGo). Abbreviations: AI, artificial intelligence; NIH, National Institutes of Health; SDG, scientific discovery game.

SETI@home (9), demonstrated that hundreds of thousands of volunteers were willing to donate
unused computer cycles to help process or generate data for large-scale projects for the pro-
tein folding and astronomy communities. In 2002, the Berkeley Open Infrastructure for Network
Computing (36) accelerated the development of numerous other distributed computing projects,
including Rosetta@home (11), which inspired the first SDG, Foldit (13), described below. Fur-
thermore, various DIY biology approaches emerged that aimed to increase lay citizens’ access to
biological experimentation (14).
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Gamification: the
application of elements
of game playing (e.g.,
point scoring,
competition with
others, rules of play) to
other areas of activity

2.2. Crowdsourcing

“Crowdsourcing,” a term first coined in 2006 (37), refers to projects that divide work among a very
large number of people. Although citizen science projects inspired the term “crowdsourcing,” it
now encompasses other kinds of projects where the participants are not volunteers but are instead
paid for their efforts, such as Amazon Mechanical Turk (38). As exemplified by Wikipedia (2001)
and later biomedically focused variants like Gene Wiki (39) and Rfam Wiki (40), crowdsourcing
promises cost-efficient ways of classifying and organizing large biomedical data sets, which are
arriving at a spectacular pace due to the rise of next-generation sequencing (41), medical imag-
ing (42), medical robotics (43), and automated microscopy (44).

Beyond its applications to large-scale data curation, crowdsourcing offers the prospect of solv-
ing difficult biomedical problems that require unusual human insight (1). In this context, the term
“crowdsourcing” often includes global community-wide challenges for predicting DNA–protein
affinities [DREAM (Dialogue on Reverse Engineering Assessment and Methods)] (45), protein
structure [CASP (Critical Assessment of Structure Prediction)] (46), and genotype-to-phenotype
relationships [CAGI (Critical Assessment of Genome Interpretation)] (47), as well as commer-
cial platforms like Kaggle and InnoCentive (48).Most of these crowdsourcing approaches involve
competition, although these projects typically are not further gamified.

2.3. Video Games

The cultural and commercial impact of video games is hard to overstate. By sales, revenues, and
hours spent by audiences, the video game industry has already surpassed the literature and film
media industries (49). The distribution of web services and mobile applications provides signifi-
cant game markets that reach billions of people around the developed and developing world (49).
Academic research on games has also exploded in recent years, with many universities found-
ing departments and student programs focusing on the topic (50). The terms “serious games” and
“games with a purpose” have been coined to emphasize that there can be other objectives in games
beyond player enjoyment (51). Online video games have also evolved in structure and form, with
emerging properties such as social interactions in massive multiplayer online games like World of
Warcraft, released in 2004 (10). The massive amount of interest in video games and the successes
of crowdsourced scientific projects in the early 2000s set the stage for video games to become a
medium for biomedical research.

2.4. Emergence of Scientific Discovery Games

Foldit is generally considered the first SDG (13). Launched in 2008 from the University of
Washington, Foldit integrated developments in all three fields described above. First, Foldit
was intellectually and technologically grounded in the volunteer computing paradigm. Rosetta@
home (11) participants who dedicated their idle computing time to explore protein folding
configurations could watch these simulations displayed via screensavers and would occasionally
suggest to Rosetta developers that they could intuit better folding paths than what they saw on
their screens.The Zooniverse projects provided a strong precedent for the value of crowdsourcing
scientific research, and community-wide challenges like CASP further suggested that bringing
disparate teams into rigorous competition might spur progress on the protein structure prediction
problem (46). Lastly, the success of video games had established a set of standard game elements
that could draw players in. Foldit merged these core game elements into a large-scale, volunteer-
driven scientific project (Figure 2), defining the SDG paradigm for biomedical research and
beyond.
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a

c

b

Figure 2

Anatomy of a scientific discovery game, illustrated by the paradigm-setting Foldit. (a) First-time players of Foldit first navigate to the
project home page, where a link can take the user to a FAQ page. The FAQ contains an explanation of protein folding, a description of
the scientific problems Foldit is tackling, a description of how game playing contributes to curing diseases, and a list of scientific
publications. On either page, the user can download Foldit applications for Windows, Mac, or Linux. (b) Players can participate in
published science puzzles and contests created by other players and can see top players and top player groups. Player groups can
complete protein folding challenges together. (c) Foldit gamifies certain biological concepts while introducing the relevant science. For
example, in the first tutorial, the player is told that “the blue sidechain on the right is either glutamate or glutamine, which have the
same shape.” The player goes through 38 folding challenges in the tutorial sequence. During game play, the score updates on the top of
the screen based on how well the protein folded. The goal of each puzzle is to create a protein conformation with the lowest energy.
After completing a puzzle, a congratulatory animation is played. The player can save a solution or share their solutions with other
players. The player’s global rank and score are displayed at the top of the graphical user interface. The interface also contains a public
chat display, which allows players to communicate with and receive help from other players. The puzzles can either be solved by
individual players in the soloist competition or by teams that work collaboratively on a solution in the group competition.
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NP-hard: a class of
computational
problems at least as
hard as the problems
that can be solved with
computational
complexity scaling as a
polynomial function of
the problem length

Crystallographic
phasing: diffraction
data on crystals enable
protein structure
determination but miss
half the information
(the scattering phases);
a sufficiently accurate
model can enable
recovery of these
missing phases
through molecular
replacement

3. CURRENT SCIENTIFIC DISCOVERY GAMES
FOR BIOMEDICAL RESEARCH

This section surveys scientific accomplishments of SDGs, starting with proteinmodeling results in
Foldit and then extending to other SDGs and areas of biomedical research.We propose grouping
SDGs broadly into two categories, problem-oriented games and data-oriented games, which we
discuss below.

3.1. Problem-Oriented Games

Problem-oriented games address the most basic research gap: the inability to find solutions
to a general scientific problem, even after repeated attempts using state-of-the-art techniques.
Problem-oriented games both inside and outside of biomedical research often explicitly cite Foldit
as their inspiration. Topics vary from molecular modeling and molecular design problems to the
sequence alignment problem. These problems have intrinsic game-like qualities: They have a set
of rules that constrain play, immense amounts of complexity, and no clearly defined or automat-
able path toward success. They are also all open problems that have been the subject of intense
scientific interest and research.

3.1.1. Molecular structure modeling problems. The initial focus of Foldit was to model the
three-dimensional (3D) structures of proteins at atomic resolution, guided by the computational
macromolecule energy function provided by the Rosetta software (52). Finding the lowest-energy
conformations of a protein in silico is challenging, and even simple subproblems, such as protein
side-chain packing, have been proven to be NP-hard (53).

The Foldit graphical user interface contains several gamified elements, including the score of
the fold, a player leaderboard that shows the scores of other players and groups, and a chatbox
for interacting with other players (Figure 2). To manipulate proteins, Foldit players can launch
tools from Rosetta to help them solve the problem. Scientific and technical terms are replaced
with more colloquial terms throughout the game to make the game more accessible to citizen
scientists. The puzzles can either be solved by individual players in the soloist competition or by
teams working collaboratively on a solution in the group competition.

Early results from Foldit demonstrated that human players could find unusual routes from
initially incorrect protein conformations to refined configurations (13, 54). Human players and
computational approaches solved these problems in different ways.Players outperformedRosetta’s
computational procedures when they could see that unraveling the structure of the protein, which
might appear detrimental to solving the problem, would ultimately lead to more favorable fold-
ings,whereas the computational approaches embedded in Rosetta could not do this. In other cases,
however, computational algorithms bested human players. For example, human players had trou-
ble reaching a native conformation when given only an extended protein chain. Because humans
and computers excel in different subtasks of the protein folding problem, an ideal approach would
combine computational and human techniques, a theme repeated for SDGs beyond Foldit.

The first biomedical research discovery from Foldit—and of any SDG in the life sciences—
was an accurate homology model for the Mason–Pfizer monkey virus retroviral protease
(Figure 3a), which enabled the successful crystallographic phasing of a diffraction data set that
had been previously refractory to state-of-the-art approaches, including automated Rosetta struc-
ture modeling and phasing protocols (16). Applications to crystallographic model building (55)
and the CASP worldwide protein structure prediction challenges (56) have further demonstrated
applications of Foldit to protein structure modeling. Foldit has also inspired another SDG to
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Target Eterna players

The Branches 

NUPACK algorithm RNAinverse algorithm

C21orf59d

Ring

Cell nuclei

Rods

Ultimate crystal 
structure

Foldit model

Refined model 

Unprobed
Chemically reactive

Region of RNA molecule whose 
experimentally measured chemical  
reactivity conflicts with target structureChemically unreactive

Ring

10 μm  

50 μm  

Figure 3

Successes of scientific discovery games. (a) Foldit-refined models of a Mason–Pfizer monkey virus retroviral protease (purple and green)
that led to successful crystallographic phasing and an experimental solution of the enzyme’s structure (blue). (b) RNA sequences
designed by Eterna players achieve a secondary structure termed The Branches (top panels), while algorithmic solutions do not (bottom
panels). (c) An EyeWire reconstruction of circuitry of OFF-type starburst amacrine cells and bipolar cells in the mouse retina.
(d) Project Discovery players identify novel localizations to cytoophidia (red; also known as “rings and rods”) of the protein C21orf59
(green), which appear together as yellow in the panel due to colocalization; cell nuclei are stained in blue (25). Panels adapted with
permission from (a) Reference 16, (b) Reference 5, (c) Reference 20, and (d) the Human Protein Atlas.

tackle crystallographic phasing, CrowdPhase (57), in which player moves are integrated with a
genetic selection algorithm, as well as HiRE-RNA, an interactive 3D molecular dynamics game
for RNA (58). These projects have not yet been tested in realistic scenarios.

3.1.2. Molecular design problems. A major goal of modern biomedical research is to go be-
yond determining the structures of natural macromolecules and to instead design novel sequences
that might fold up into a target structure (the inverse folding problem) or even carry out new func-
tions. Foldit again pioneered the use of SDGs for molecular design, introducing new tools that
allowed insertions, deletions and sequence substitutions into its protein manipulation interface.
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Reality gap: the gap
between
computational models
of the real world and
experimental reality

Massive open
laboratory: an
Internet platform that
enables anyone to
participate in wet-lab
experiments, steered
through play of a
scientific discovery
game

The resulting sequence changes led to an 18-fold improvement of a Diels–Alderase enzyme’s
activity and included a player-designed 24-residue insertion whose conformation was tested by
crystallography (59).

Macromolecule design was extended from proteins to RNA with the web video game Eterna,
released in 2011 (5). The problem of designing RNA sequences that fold into desired Watson–
Crick base pairing patterns (secondary structures) is NP-hard even using simplified energy func-
tions to simulate RNA folding, due to the large number of alternative structures that any sequence
can form (60). The problem becomes particularly difficult due to a reality gap: RNA secondary
structure modeling methods have assumptions and missing parameters that lead to inaccuracies
in predicting how RNAs actually fold in vitro. To address this reality gap, Eterna pioneered the
integration of experimental design and feedback into the gameplay of an SDG, a paradigm dubbed
a massive open laboratory.

After playing starter puzzles and gaining entry to Eterna’s lab, players virtually design RNA
sequences on-screen. Their designs are synthesized and experimentally analyzed. The data are re-
turned directly to players, providing feedback on whether their submissions fold into the predicted
structures. Eterna players outperformed existing computational prediction algorithms in design-
ing sequences that folded into novel target secondary structures (Figure 3b), and the heuristic
rules discovered by players were turned into a predictive algorithm called EteRNAbot, which
also outperformed all existing algorithms (5). The increasing experimental throughput in test-
ing designs and the increasing participation of players in defining game content (see Section 4.4
below) suggest new models of experimental science through massive open laboratories with un-
usual rigor and reproducibility (2). Another SDG working on the design of nucleic acid molecules
is Nanocrafter, which seeks collections of interacting DNA strands for complex nanotechnology
applications (61).

3.1.3. Sequence alignment. Vast amounts of DNA sequencing data have inundatedmany fields
of biomedical research. Leveraging these data for biological insight typically requires the align-
ment of homologous sequences, but even in simplified form, this problem is NP-hard (62). Phylo
is a web and mobile game centered around improving the accuracy of multiple DNA sequence
alignments drawn from species spanning the tree of life, and Fraxinus is a Facebook-embedded
game created to analyze a fungal pathogen that has devastated populations of ash trees across Eu-
rope (63). Both projects translate the DNA sequence alignment problem into puzzle games. In
Phylo, player-refined alignments of sequence subsets improved independently computed scores
in a notable fraction of cases (64). In most Fraxinus puzzles, the players gave alignments distinct
from the tested baseline computational method, and encouragingly, alignments by different high-
scoring players agreed with each other for 98% of these contributions, confirming high precision.
For both Phylo and Fraxinus, whether players outperformed computers depended on which com-
putational scoringmethodwas used to assess accuracy (see Reference 19).A challenge for sequence
alignment SDGs is to define gold standards through, for example, expert-curated alignments that
have been validated through prospective experiments. The field of RNA comparative modeling
has such alignments for ribosomal, intron, and other RNAs (65); encouragingly, an RNA extension
to Phylo called Ribo has been prototyped (66).

3.1.4. Future problem-oriented games: prediction and design of patient treatments.
Problem-oriented SDGs so far largely focus on molecular-level problems, but their areas of
application could extend to larger biological scales. Perhaps the most important problem in
biomedical research involves the interpretation of diagnostic data from patients and the design of
effective treatments for the diagnosed disease. Proof-of-concept studies suggest that (nongame)
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IRB: the Institutional
Review Board is an
administrative body
that protects the rights
and welfare of
participants in
scientific studies

crowdsourcing can predict the course of multiple lateral sclerosis in patients (67). The recently
released Cancer Crusade game explores treatment of solid tumors through detailed mathematical
modeling, although it does not yet include actual patients (which would probably require a new
ethical framework; see the sidebar titled Ethical Questions in Scientific Discovery Games). At
scales between molecular and whole human patients, several SDGs have also been launched, but
these largely follow a distinct data-oriented paradigm, as described next.

3.2. Data-Oriented Games

Data-oriented games address a different kind of research gap from problem-oriented games. In
numerous areas of biomedical research, large data sets are needed to solve fundamental problems
but are difficult to create or curate.Data-oriented SDGs ask players to gather, classify, or otherwise
annotate data; these projects include game elements that are often inspired by problem-oriented

ETHICAL QUESTIONS IN SCIENTIFIC DISCOVERY GAMES

There are currently few guidelines for the ethical treatment of players in SDGs, but there is extensive literature
in the related fields of citizen science and online video games. Designers of SDGs should consider several ethical
questions (68):

1. Are players provided with a meaningful and joyful experience, i.e., is the SDG an enjoyable game?
2. How are players compensated? Intrinsic fun, learning about science, and contributing to the greater benefit of

society might seem sufficient, but should other, more extrinsic rewards with real world value be incorporated as
well, such as receiving college credit (69) or scientific coauthorship by name?

3. How can SDGs ensure that players are adequately compensated rather than becoming underpaid or even ex-
ploited crowdworkers (70), especially in the context of the growing number of temporary workers and micro-
payments in the gig economy (71)?

4. When discoveries are made in an SDG, should they be patentable, and how would the player receive credit or
royalties (72, 73)?

5. Are the games fair, and do they have to be fair? For example, players without sufficient computing resources
might be disadvantaged, likely affecting both the intrinsic and extrinsic rewards discussed above.

6. How is the well-being of players ensured (e.g., preventing game addiction, harassment, or feelings of incompe-
tence) in an online community (74–76)?

7. How can SDGs provide an all-inclusive, nondiscriminating community? For example, do players feel discour-
aged due to language barriers, gender, or disabilities (76, 77)?

8. How is the privacy of the player ensured (as well as any potential protected patient information in the game)
(78)?

9. How can players who wish to contribute at the highest levels to an SDG gain legal access to scientific journal
articles that require payment to access?

10. Does a game generate biosafety, biosecurity, or animal rights issues, in particular when players’ actions affect
experimental procedures, e.g., through cloud labs?

11. Do we need special IRB guidelines for SDGs, and what should they include without becoming overly restrictive?

To help address these questions, SDGs offer the prospect of motivating large communities—and perhaps even
specialized citizen ethicists within such communities—to continuously provide diverse perspectives on what is ac-
ceptable or not for each project. Such crowdsourcing of ethical decisions has not yet been instantiated in an SDG.
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games like Foldit but also draw from the longer lineage of citizen science and crowdsourcing
projects that predate SDGs.Here, we describe the contributions of data-oriented games in several
disciplines.

3.2.1. Pathology. Throughout biomedical research, increased automation of optical mi-
croscopy is resulting in large collections of images at the cellular and subcellular level. These data
sets pose challenges for classification and annotation, and several SDGs have piloted the gami-
fication of these tasks for human players. Two SDGs have tested whether players might replace
expert pathologists in malaria detection based on microscope images of blood smears. In proof-
of-concept studies,MalariaSpot players have been able to accurately carry out parasite count (17)
and even discriminate between Plasmodium species and intraerythrocytic forms (79), with excellent
accuracies achieved upon taking the consensus across players. Mavandadi et al. (18, 80) have used
the BioGames platform to demonstrate that gamers can reach sensitivities and accuracies compa-
rable to experts. These platforms have not yet been compared to newer deep learning methods
for automated computational malaria detection (81).Many nongamified crowdsourcing platforms
for annotating optical microscopy images have also been described (82–84); it remains unclear
whether gamifying the image classification experience offers research advantages beyond these
nongamified crowdsourcing platforms.

3.2.2. Neuroscience. Beyond applications to pathology, visual classification and annotation
problems arise in numerous large-scale cellular biology surveys. Here, the data are not from dif-
ferent patients but have been collected through systematic, deep surveys on one particular animal
or one particular cell line. EyeWire, the first SDG in neuroscience, provides an impressive ex-
ample of a data annotation project (20). The EyeWire interface presents 3D data based on serial
electron microscopy of animal brains and trains players to identify subvolumes of the data that
correspond to separate neurons (Figure 3c). When compared to gold standard segmentations
determined through community-wide consensus and expert refinement, experienced individual
players achieved higher precision and recall than a deep convolutional neural network algorithm
developed for the problem (20). EyeWire-traced reconstructions of OFF-type starburst amacrine
cells and bipolar cells informed a model of how directions of moving stimuli are integrated from
retinal inputs (20). Other projects that crowdsource the annotation of neurological microscopy
data sets have been launched, including the SDG Mozak and the citizen science project Stall
Catchers. As with the pathology examples discussed above, it will be important to compare results
to more recent algorithmic methods for the same visual tasks, which have been improving at an
impressive pace (85).

3.2.3. Cellular biology. Recent studies are beginning to pilot rigorous comparisons and inte-
gration of deep learning computational methods and data-oriented SDGs. Project Discovery re-
warded players of the massively multiplayer role-playing game (MMRPG) EVEOnline for classi-
fying subcellular localization patterns of many proteins, based on public images in the Cell Atlas of
the Human Protein Atlas (25).When compared to expert consensus classifications, player classifi-
cations were similar in accuracy to a deep neural network, Localization Cellular Automation Tool
(Loc-CAT), developed for the same task. However, both players and Loc-CAT—even when inte-
grated together through a novel transfer learning framework—were less accurate than individual
experts from the Cell Atlas project in randomized blind annotation tests. Nevertheless, Project
Discovery players identified several new classes of organelle localization beyond the 20 classes
predefined by experts for the task, including a cytoophidium cellular structure (Figure 3d). This
organelle class and four other Project Discovery classes are being included in future releases of
the Cell Atlas (25).
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3.2.4. Biomedical knowledge organization. The biomedical literature is vast. The online
game Dizeez has shown that scientifically literate participants in an SDG might establish gene-
to-disease links that are not yet curated into resources like Gene Wiki (86). Mark2Cure seeks
further volunteer help in combing the literature (87). These projects have not yet been compared
head-to-head to algorithmic literature-mining approaches.

3.2.5. Related work: data gathering. Decades of citizen science projects in ecology and ge-
ography have demonstrated how large research data sets can be collected by large networks of
volunteers. Newer projects make use of not just human observations but state-of-the-art biotech-
nologies, including molecular genotyping of flora and fauna (the International Barcode of Life)
(88) and genome sequencing and electron microscopy in the SEA-PHAGES (Science Education
Alliance Phage Hunters Advancing Genomics and Evolutionary Science) project (89). Sea Hero
Quest is the first project that explicitly gamifies large-scale scientific data collection, asking 2.5
million players to play a mobile game testing their spatial ability (90). The project has provided
researchers with initial global benchmarks on human navigational skills, demonstrating, for exam-
ple, that such skills are clustered according to economic wealth and gender inequalities globally
(90). Asking players of future SDGs to generate or donate data about themselves is an intriguing
frontier, but one that also challenges the ethical framework for biomedical research, especially in
the context of for-profit ventures (see the sidebar titled Ethical Questions in Scientific Discovery
Games).

3.2.6. Future data-oriented games: genomics. Large-scale genomics efforts generate
petabytes of DNA and RNA sequencing data (91), and SDGs have emerged to investigate these
data. Colony B asks players to cluster bacterial 16S ribosomal RNA collections sequenced from
different people in the American Gut open science project (92). There are crowdsourcing projects
aiming to accelerate discovery of gene signatures from publicly available data sets, including
CREEDS (Crowd Extracted Expression of Differential Signatures) (93) and STAR-GEO (Search
Tag Analyze Resource for the Gene Expression Omnibus) (94), but there are not yet efforts to
turn these into discovery games.

4. EMERGENT BEHAVIOR OF PLAYER COMMUNITIES

For SDGs that have successfully solved scientific problems, how do the players actually do it?
Thanks to detailed reports of player demographics and specific contributions, common themes
are emerging across SDG player communities that we discuss in this section.

4.1. Sizes of Player Communities

Many thousands of active players can be engaged in an SDG, well beyond the size of typical
biomedical research efforts. For example, Foldit, EyeWire, and Eterna each attained more than
100,000 registered players within a few years of launch.More recently,ProjectDiscovery has lever-
aged theMMRPG community of EVEOnline; embedding classification tasks for high-resolution
immunofluorescence cell images as an in-game mission brought in 322,000 players within one
year (25). As has been reported by projects ranging from Fraxinus to EyeWire, players tend to
arrive in bursts timed with press releases or other media events such as TV programs, podcasts,
and features in YouTube science channels (Figure 4a) (20, 63); readers are also referred to Ref-
erence 95. The audiences for interactive discovery games are similar in size to the networks of
hundreds of thousands of volunteers for distributed computing projects.
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Figure 4 (Figure appears on preceding page)

Emergent properties of scientific discovery game (SDG) player communities. (a) Spikes in new visits to the SDG Fraxinus correspond
to press releases (red ) and social media mentions (blue). (b) The global distribution of Fraxinus game players. (c) Drops in player counts
for progressively more involved tasks in the SDG Eterna (5). (d) Drops in activity in days since Fraxinus game release. (e–g) Examples of
player contributions highlighted (yellow) in author lists and affiliations of scientific manuscripts (16, 96, 97). Panels a, b, and d adapted
with permission from Reference 63.

4.2. Diversity of Scientific Discovery Game Players

The demographic diversity within SDG player communities can be compared to analogous num-
bers in nongame citizen science projects and video games. Surveys of Eterna and EyeWire players
show that their communities skew male, but with significant female participation (25% and 38%
female, respectively) (98). Notably, female players form the majority of the top 100 players of
EyeWire (20). These female participation numbers are somewhat higher than the percentage of
players in the (nongame) Zooniverse citizen science projects (17%) (99) and closer to industry
estimates of the percentage of US video gamers who are female (41%) (100).

The ages of SDG players are widely distributed. In Eterna, players under the age of 20 and
over the age of 50 constitute significant fractions of the community, at both entry-level stages and
at highly experienced levels (those who have gained lab privileges in Eterna). There is a similarly
large spread of ages among participants of Zooniverse citizen science projects, which has an al-
most flat distribution of ages between 20 and 55 (99), and also among US players of video games
in general, which show roughly equal representation in the age categories of under 18 years, 18–
35 years, 36–49 years, and over 50 years (100). Anecdotally, a significant fraction—perhaps the
majority—of high-level SDG players are not otherwise connected to scientific research (e.g., see
Reference 101), but a systematic study of the backgrounds or career tracks of SDG participants
has not yet been carried out. Counterbalancing these signs of diversity, SDGs have so far re-
ported player communities dominated by users logging in from the United States and Europe
(Figure 4b). This global geographic imbalance in SDGs is particularly noteworthy given the rise
of popular (nonscientific) mobile games developed in China for Chinese-speaking users and the
recent purchase of Western video game companies by Chinese technology giants like Tencent.

Why do players participate in SDGplatforms? Surveys suggest various motivations. In a 1,505-
player EyeWire survey, the dominant motivation was “contribution to the project”with “improve-
ment of personal science knowledge,” “fun,” and “learning” cited nearly as often (98). A survey of
38 Foldit players suggested that “contributing to scientific research” and “interest in science”
were their most important motivations; motivations relating to puzzle solving or gaming were
significantly less important (102). These top motivations are similar to those seen among 11,000
volunteers of the (nongame) Galaxy Zoo project (99), where “contribute” was the most important
motivation, followed by “astronomy” and “discovery,” again with “fun” being less important.

4.3. Widely Varying Extents of Player Participation

In every SDG where player participation has been evaluated, a few players typically dominate
the scientific output of every project. For example, Figure 4c shows how the size of the Eterna
player community dropped by an order of magnitude when going from the number of players who
register to the number of players who play enough to gain the privilege of submitting solutions
for synthesis. The number of scientifically valuable solutions on Eterna is dominated by less than
1% of the players who register (Figure 4c). Similarly, Fraxinus reported that 49 of 25,614 play-
ers (0.7%) contributed to half of the 74,356 sequence alignments (Figure 4d) (63). Each of these
examples bears out the so-called 1% rule concerning user participation seen in crowdsourcing
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platforms likeWikipedia and across theWeb (103). Similarly, the top 100 EyeWire players (out of
over 100,000; i.e., the top 0.1% of contributors) contributed about half of all challenges completed
for its first paper (20). Despite this seeming disparity between the very top contributors and more
casual players, it is worth pointing out that casual players can provide a powerful sense of com-
munity and long-termmemory that can sustain scientific innovation for an SDG, and anecdotally,
long-term players transition between modes of casual or intense engagement. While a longitu-
dinal study of player contributions in SDGs has not yet been carried out, Project Discovery has
shown that their churn rate (32% loss of players over 3 months) appears similar to or lower than
those of other challenges in the MMRPG EVE Online (25, 104).

4.4. Evolution of New Roles for Scientific Discovery Game Players

Beyond their puzzle-solving contributions, the most strongly engaged players in SDGs have often
taken on special roles that were not expected at each SDG’s launch. In projects with chat interfaces
such as Eterna, Foldit, and EyeWire, chat moderators now include volunteer players. For its first
enzyme design project (59), Foldit established an advanced player as an intermediary between
the player community and the experimental researchers, who presented players with puzzles at
each stage of the design process. EyeWire awards its most dedicated players with the statuses of
Scout and then Mystic; players who achieve the latter status are able to curate other players’ solu-
tions (20). Similarly, the scripting languages for Foldit (Lua) and Eterna (EternaScript) are widely
accessible to all players, but the majority of scripts are created by a subset of players comfortable
with coding who progressively modify each other’s scripts and then share these tools with the
larger community (54, 105).

The contributions of devoted SDG players can go beyond these specialized roles. In terms
of contributions to publications, most SDGs have included players as consortium authors on
publications (typically with usernames listed in supplemental materials), but in several cases,
player authors or teams have been given special credit by name (Figure 4e–g). Recently, SDG
players have been not just coauthors but rather lead authors of a discovery manuscript that used
puzzle creation on Eterna to uncover principles of RNA secondary structure design difficulty
(Figure 4f ) (96). At a further extreme, two papers from Eterna have been submitted for peer
review with players as the only authors (29, 97). One of these papers is a single-author manuscript
in which a player coded an algorithm for automated RNA design that dramatically outperforms
deep learning methods that were being developed simultaneously by professional scientists
(Figure 4g; compare Reference 97 to References 96 and 106). Since 2014, Eterna has largely
replaced its original academic developer team with player developers, and since 2015, Eterna
players have also organized an annual academic conference (Eternacon), with approximately
30–40 attendees at each event. Overall, SDGs appear to be diverse communities that engage
scientifically inclined nonexperts to take part in, and even lead, scientific research efforts.

5. CREATING AND SUSTAINING SCIENTIFIC DISCOVERY GAMES

With the launch of numerous SDGs in the last decade, some guidelines for the next generation
of SDGs are emerging.

5.1. Elements of a Scientific Discovery Game

Since SDGs combine elements of large volunteer networks (citizen science), crowdsourcing,
and video games, SDG development requires building and integrating each of these component

266 Das et al.

A
nn

u.
 R

ev
. B

io
m

ed
. D

at
a 

Sc
i. 

20
19

.2
:2

53
-2

79
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

26
04

:2
00

0:
d0

8b
:5

50
0:

39
60

:d
13

f:
1a

27
:c

cc
7 

on
 0

8/
03

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



BD02CH11_Das ARjats.cls June 26, 2019 11:36

platforms. In terms of citizen science elements, a comparison of relative successes across the
different (nongame) Zooniverse projects documents the importance of communication between
players and developers, especially through social media (107). The US government has also
created a toolkit for citizen science and crowdsourcing (https://www.citizenscience.gov). For
a biomedical researcher, probably the most unconventional aspect of SDG development involves
transforming a research problem into a game. This transformation involves deriving game
mechanics (e.g., possible moves) customized to a research problem. Beyond those specialized
aspects, badges, points, and leaderboards are game elements shared across SDGs since the launch
of Foldit (Figure 2). Several studies have evaluated the effectiveness of specific gaming elements
within SDGs, such as awarding stars for solution quality (108) and real-time chat (109). Baaden
et al. (110) have proposed concise rules for serious games in life sciences, with examples drawn
from successful structural biology games.

5.2. Personnel Required to Develop a Scientific Discovery Game

Despite the possibility of reusing prior infrastructure, the costs of developing a new SDG are still
large. Figure 5 illustrates the time line for sustaining and creating Eterna, which has involved
over 40 individuals in developer roles to recruit 150,000 players. Approximately 30 people were
involved in the development of Eterna before and during launch, from 2009 to 2011. This team
involved software developers, scientists, and two principal investigators to coordinate these teams,
press releases, and funding. Some contributed through volunteering or game design coursework
at Carnegie Mellon University, and others contributed through prototyping wet-lab experimental
methods at Stanford University (Figure 5, phase 1). For the eight years from launch to present, a
team of approximately ten developers has been active in puzzle deployment, analysis of project re-
sults, and writing of scientific papers, again with most volunteering their time (Figure 5, phase 2).
Since Eterna is an academic project, nearly all of its original contributors completed their time
on the project as their university training finished. Therefore, for major updates to Eterna, it has
been critical in later years to recruit new developers. As noted above, these contributors have

Phase 1: Development Phase 2: Deployment

Scientist

Developer Player 

1,000 people1–2 people 

Player-developer
Player-

proposed
challenge

Player-
organized

conference

Scientific discovery 
games (SDGs) 

Phase 3: Player-driven innovations

Figure 5

The life cycle of a scientific discovery game (SDG). Each symbol represents approximately 1,000 people (for players) or 1–2 people (for
game developers, scientists, experimentalists, and player-developers) during development (phase 1), deployment (phase 2), and ongoing
development (phase 3), with numbers representative of the Eterna SDG.
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included dedicated Eterna players (Figure 5, phase 3) who design and evaluate potential changes
to the game’s online interface in addition to implementing those changes as code.While Eterna’s
personnel requirements are larger than most SDGs due to its experimental components, it is hard
to envision launching and sustaining a successful SDG without contributions from at least ten
developers.

5.3. Financial Costs

Along with the time and personnel commitments, the financial costs of creating SDGs appear
as high as or higher than typical scientific research projects. For example, funding to create and
launch Eterna came mainly from laboratory startup funds to two principal investigators (R. Das
and A. Treuille); the project has been sustained through grants from the US National Institutes
of Health (NIH), private foundations, and various seed grants available at Stanford University.
The total amount of money spent over nine years has been approximately $5 million, including
indirect costs (overhead). This amount is as high as or higher than typical grants in biomedical
research. For example, several teams have each been awarded $500,000 through an NIH Big Data
to Knowledge initiative, but the scope of most of those projects has been to prototype proofs-
of-concept rather than to deploy entire SDGs. The economic case for Internet-scale projects has
been discussed for (nongamified) crowdsourcing projects (1, 95, 111) but has not yet been analyzed
for SDGs vis-à-vis more conventional approaches.

5.4. Practical Considerations when Starting a Scientific Discovery Game

Future SDG developers should note the possibility of reusing prior, openly accessible SDG in-
frastructure. Open-Phylo pioneered the reuse of an SDG architecture for researchers seeking to
solve problems not envisioned by the original Phylo developers (19). In terms of repurposing ex-
isting social media networks, Fraxinus was deployed within a preexisting platform (Facebook),
which provides a sophisticated infrastructure for social media and communication between de-
velopers and players. Another example of reusing infrastructure is the Project Discovery image
classification project, which was embedded in EVE Online and brought in hundreds of thousands
of players within one year (25). This platform was designed to enable simple reuse for other scien-
tific projects to minimize future development costs. The initial cell biology project has now been
replaced with a project for the discovery of exoplanets. New web technologies like WebAssembly
(112) also enable rapid deployment of C/C++ scientific code onto the web. Finally, initiatives
like Science Game Lab (113) are prototyping platforms that could share badges, points, and other
gaming elements across multiple projects. Such platforms with prebuilt gaming elements could
substantially lower costs of development of new SDGs in the near future, similar to how the
Berkeley Open Infrastructure for Network Computing (36) and the Zooniverse platform (15)
have accelerated development of distributed computing and online citizen science projects, re-
spectively. Finally, developers are advised to consider ahead of time how they will evaluate success
in their SDG. A success matrix has been proposed to help define and measure public engagement
in science, resource savings, and other features of citizen science projects (107). In addition, each
SDG should be able to state what constitutes the win condition for the project in terms of science,
and this will be different for each project.

6. SYNERGISTIC DEVELOPMENTS FROM OTHER FIELDS

Given their highly interdisciplinary nature, SDGs are intertwined with numerous scientific and
cultural trends. In this section, we highlight six newer trends that provide unique opportunities
for future SDGs.
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Biology cloud lab:
a laboratory enabling
users to perform
biology experiments
without direct physical
contact; cloud labs can
be fully or partially
automated, and
turnaround time
depends on the
biological assay

Biotic (video) games:
games using modern
biotechnology to
enable human players
to interact with real
biological materials or
processes at micro- or
nanoscales

Biotic processing
unit (BPU):
biotechnological
analog of digital
microprocessors that
houses, actuates, and
measures
microbiological
systems robustly over
the long term and
where digital stimulus
instructions convert
analog biological
behavior to digital
output

6.1. Biology Cloud Experimentation Labs

The design and interpretation of prospective wet-lab experiments are key components of biomed-
ical science, but currently the only SDG with player-controlled experiments and integrated feed-
back is the massive open laboratory Eterna (2, 5). The lack of experiments in SDGs could change
through emerging biology cloud labs (21, 22, 114). Commercial cloud labs enable molecular and
cellular synthesis within days to weeks (21).Other biology cloud labs developed for educational ap-
plications provide feedback within seconds (23). Remote experimenters, for example, can interact
with slime molds via the robot-controlled dispensing of food droplets (22), or they can remotely
control directional light stimuli to evoke and study cellular phototaxis behaviors (23). These tech-
nologies can scale to millions of annual experiments at costs of cents per experiment (23). Biology
cloud labs have been successfully deployed for K–12, college, and online education (22, 23, 28,
115, 116). As part of a MOOC (massive open online course), a biology cloud lab enabled the exe-
cution of key scientific practices, including experimentation, hypothesis formulation, and genuine
discovery (28). This proof-of-concept suggests that real-time interactive cloud labs could be used
inside an SDG, e.g., to study microswimmer biophysics (117). We propose that cloud labs that
utilize highly domain-specific, high-throughput assays (e.g., References 5 and 23) are more effec-
tive for SDGs than general-purpose ones (114). Hence, while early SDGs are built on big data
science and virtual interactions, we predict that direct design, execution, and evaluation of true
experiments by the players will become prevalent, especially given the ever ongoing technologi-
cal advances and price reduction in automated, high-throughput life science instrumentation (21,
114)—similar to the development of cloud computing (118–121).

6.2. Biotic (Video) Games

While biology cloud labs have not yet been incorporated into Internet-scale SDGs, biotic (video)
games (6) show that nonexperts can engage in playful interactions with actual microscopic living
matter and processes (6, 122). Biotic games are facilitated by advances in life science instrumen-
tation, in the same way that electronic video games advance along with computer technology. For
example, akin to Pac-Man, a human player can use light stimuli tomanipulate the swimming direc-
tion of phototactic Euglena cells in real time while collecting virtual objects overlaid on a screen
(6, 122). These games provide novel player experiences and emotions that are distinct from what
is achievable with purely digital simulation games, particularly due to the semideterministic, noisy
behaviors of living cells and materials (123). The design space for biotic games has been explored
(123) using different biological materials (molecules, cells, and colonies) and stimuli (light, electric
fields, and chemicals) (6, 122, 124–129). For the continued development of these games and po-
tentially SDGs, researchers have conceptualized and engineered a variety of biological and digital
infrastructures, such as biotic processing units (6, 23, 123). Domain-specific programming lan-
guages for interacting with living matter have also been developed (128), including cloud-based
development environments for interactive biotic programs (129). It has been argued that tech-
nological milestones in biological experimentation trail equivalent milestones in electronic com-
putation by about five decades (123). We therefore expect a variety of biotic games to emerge
over coming decades. Allowing hundreds of thousands of SDG players to access these tools could
radically change the SDG experience and the experimental problems that could be tackled.

6.3. Underutilized Video Game Genres

Underutilized video game genres offer another opportunity for future SDGs. Existing SDGs
rely on a handful of simple genres (puzzle games; simple reward systems like points, badges, and
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Machine learning:
computational and
statistical techniques
that allow computer
systems to
progressively improve
performance on a
specific task (learn)
from data without
being explicitly
programmed

STEM: science,
technology,
engineering, and
mathematics; the
acronym is typically
used in educational
contexts, sometimes
even extended to
“STEAM” to include
arts

Formal and informal
education: education
can be categorized as
formal (at the K–12,
college, and PhD
level) or informal
(after-school
programs, museums,
adult learners, and
do-it-yourself biology
and hobbyist
communities)

leaderboards; and embedding the task in a story), but other game principles are possible. Project
Discovery (25) has explored embedding an SDG in the MMRPG EVEOnline. Such partnerships
between scientific researchers and game companies can be mutually beneficial, since SDGs
benefit from gaining large audiences quickly, while MMRPGs and other games are typically in
continuous need of new content to retain players (104). Further extensions of SDG-MMRPG
connections might take advantage of the observation that MMRPG players are notoriously good
at exploring and exploiting what is possible in the game, including complex economies involving
game currencies (130). In real-time strategy (RTS) games like StarCraft, players make a series of
strategic decisions as they compete against other players. RTS games already present researchers
with an artificial intelligence (AI) challenge (131); in principle, this rich genre could also be
used to help scientists find optimal strategies for solving intractable problems. Finally, new game
genres are arising with the commercialization of technologies like augmented reality, virtual
reality, and passive wearables. The rise of these new user interfaces and simulation technologies
could provide interesting new directions for future SDGs.

6.4. Machine Learning and Artificial Intelligence

AI offers both a challenge to and an opportunity for SDGs. Over the past decade, AI and ma-
chine learning approaches have excelled at solving diverse tasks, especially those that have been
formalized into games. AI agents outperform human players in several instances, e.g., classic Atari
video games (24) and the board game Go (26, 27). Importantly, some algorithms now perfect
themselves through trial and error without relying on human-generated game data at all (27). For
scientific discovery, we expect that as AI advances, certain types of problems will be more effec-
tively solved directly through computer algorithms rather than through players in an SDG. Some
data-oriented games may be obviated entirely. In problem-oriented games, AI agents could take
over tasks from the player, such as dimensionality reduction of high-throughput data sets (132), al-
lowing human players to focus onmore conceptual tasks like defining the global structures and the
desired functions of macromolecules or updating generalizable biophysical models, both of which
remain difficult for AI methods. Ultimately, generating genuine scientific insight might be one of
the hardest tasks for AI (133), and SDGs could provide a stimulating test bed for AI development.

6.5. Global Life Science and Biomedical Education

Population-wide scientific literacy is a key goal of modern society, and SDGs could uniquely con-
tribute to and benefit from efforts to reach this goal. Many countries have special initiatives to
promote STEM learning (134–137). For example, the United States has introduced the Next
Generation Science Standards to promote inquiry-based learning, asking students to practice
realistic science activities (138). Delivering such scientific practices to schools in a realistic and
scaleable way is an unsolved challenge, but SDGs may provide unique and large-scale oppor-
tunities. Some SDGs, for example, have been used in K–12 and college classrooms; the PBS
science program NOVA created specialized versions of SDGs tailored to middle school class-
rooms (http://www.pbs.org/wgbh/nova/labs/). SDGs typically have several introductory chal-
lenges that teach players about the scientific questions and available tools to make them effective
in the game. Therefore, SDGs are intrinsically educational with respect to biomedical research.
SDG research has involved college classroom use, e.g., for Foldit protein structure refinement (55)
and HiRE-RNA fold prediction studies (58). However, there are not yet systematic studies that
evaluate the impact of SDGs on formal or informal education in the way that education-focused
video games are being rigorously assessed (139, 140).
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6.6. Open Science

The open science movement offers numerous developments that are highly complementary to
SDGs. As SDG players become experts, it becomes imperative that they have convenient access
to the primary literature.The trend toward open access publishing aims to do just that: tomake the
scientific literature more accessible to both professionals and lay people (141). The do-it-yourself
biology and biohacker movements (e.g., 142, 143) promote the decentralization of biological ex-
perimentation, which could give SDG players more nuanced control over their experiments. SDG
players may also be empowered through new approaches to research funding, such as crowdfund-
ing (144). Such mechanisms would enable groups of players to sponsor research that they could
carry out themselves.

7. PERSPECTIVE

We conclude with a summary and speculations about future developments for SDGs in biomedical
research.

7.1. What We Have Learned

SDGs constitute a new medium for biomedical research. Building on the previous decade’s ad-
vances in distributed computing, citizen science projects, crowdsourcing, and online games, SDGs
launched since 2008 engage hundreds of thousands of volunteer players in biomedical research.
Genuine research contributions now span numerous fields of biology and bioengineering: protein
crystallographic applications (16, 55), RNA design refined through wet-lab experiments (5), and
the segmentation of high-resolution 3D neuronal images (20). In each of these cases, publications
have reported that an SDG platform found novel solutions to difficult problems that previously
eluded expert scientists, computational algorithms, or both. For areas including protein sequence
alignment (63, 64) and interpretation of pathology slides (17, 18), there are proofs-of-concept that
SDGs may be useful, but there is not yet strong evidence of improvements relative to computa-
tional methods or nongame citizen science approaches.

SDG player communities share certain features. Players appear to be diverse in gender, age,
andmotivation, although the concentration of players in English-speaking countries indicates that
SDGs remain restricted geographically.Many players are casual users,while a much smaller subset
of enthusiasts drive the majority of scientific progress. These particularly enthusiastic players have
made surprising contributions, sometimes meriting authorship and even lead authorship in sci-
entific peer-reviewed papers (96). In some SDGs, game content and even core development tasks
have been largely taken over by players, further demonstrating the involvement and ownership of
SDGs by volunteer players.

Biomedical researchers interested in gamifying new scientific problems can build on the grow-
ing knowledge of what it takes to create and sustain an SDG. The number of personnel, the time,
and the financial cost required to develop SDGs appear similar to or greater than typical biomed-
ical research projects. At the same time, there is a canon of gaming elements common across most
SDGs, including tutorials, leaderboards, badges, points, chats, and forums. Shared programming
tools, database infrastructures, and game reward infrastructures may accelerate the development
of the next generation of SDGs.

7.2. What is Next?

The most successful video games reach tens of millions of players. Can a well-designed SDG
reach the same number, perhaps by integrating new technologies, new game genres, or existing
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platforms? How can a community form around SDGs given that it involves very interdisciplinary
expertise, e.g., from biomedical researchers, game designers, gaming academics, human–computer
interaction design, and citizen scientists and volunteers? Given advances in biological–digital in-
tegration, might the next neuroscience SDGs include actual optogenetic control of neuronal cir-
cuits? Could the next cancer-modeling SDGs make recommendations for patient therapies in real
time?What are the ethical aspects for SDGs (see the sidebar titled Ethical Questions in Scientific
Discovery Games)? These are just a few of the many open questions in this nascent field.

SDGs offer unique opportunities for extraordinarily ambitious biomedical research. Entire
game genres,modes of interaction between large human communities andAI systems, and remote-
controlled cloud laboratories remain to be explored. While some of these prospects sound like
science fiction now, we expect that the next generation of SDGs will hold many surprises.

SUMMARY POINTS

1. Multiple scientific discovery games (SDGs) have been successfully developed and sus-
tained in the ten years following the 2008 launch of Foldit.

2. SDGs have published discoveries for numerous biomedical research problems; some of
these advances in macromolecule structure modeling, macromolecule design, and se-
quence alignment could not be obtained with prior computational or expert approaches.

3. Massive open laboratories like Eterna show that SDGs can include prospective wet-lab
experiments as part of their gameplay.

4. SDGs are tackling the curation and annotation of biomedical research data sets, includ-
ing large corpora of cellular images, genomic data, and areas of the scientific literature.

5. Communities of SDG players appear to be diverse in gender and age but are still largely
limited to English-speaking areas of the world.

6. A small percentage of SDG players contribute at unusually high levels, providing most
of the solutions in problem-oriented games, organizing conferences, and even leading
the writing of manuscripts for formal peer review.

7. A standard canon of game elements including tutorials, scores, leaderboards, badges,
chats, and forums is shared across numerous successful SDGs and provides a parts list
for researchers wanting to launch new SDGs.

8. The costs of developing SDGs are similar to or higher than conventional biomedical
research projects, but scientific funding agencies are recognizing their promise with spe-
cialized requests for applications.

FUTURE ISSUES

1. SDGs impact individual participants’ scientific knowledge and training for future science
careers as well as the public understanding of science.How can these broader educational
impacts be evaluated?

2. What are the relevant ethical frameworks for SDGs regarding player attribution, the
protection of human subjects’ rights, player compensation, biosecurity, and open access
to science?
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3. Could participation in games provide a completely nonacademic route to engaging in
biomedical research and supporting open science?

4. What new toolboxes, guides, academic journals, and conferences might make the devel-
opment of new SDGs easier?

5. Can SDGs have the same social and economic impact as predecessor technologies
such as Internet-scale video games (which reach billions of people) and crowdsourcing
(Wikipedia)?

6. Can SDGs implement more complex gaming genres such as real-time strategy games?

7. What is the optimal synergy between constantly advancing artificial intelligence tech-
niques and large numbers of human volunteers?

8. Can biology cloud labs make real-time experiments available in SDGs?
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